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FLOW OF AN ANOMALOUS VISCOUS FLUID
IN A CENTRIFUGAL JET NOZZLE

0. M. Sokovnin, I. V. Flegentov, and V. A. Polovnikov UDC 532.135

The motion of twisted flows of an anomalous viscous fluid subject to an expo-
nential law has been studied numerically.

Centrifugal jet nozzles have found extensive application in chemical technology apparatus
requiring uniform spraying densities (absorbers, wet dust collectors, hydraulic foam ex-
tinguishers). In this case, the spray medium is generally a form of an anomalous viscous
fluid: solutions of surface-active materials, suspensions, etc.

Let us take a look at the flow of an anomalous viscous fluid subject to an exponential
law in a centrifugal jet nozzle (Fig. 1). We will assume the regime of motion to be both
steady-state and axisymmetric. We will separate the flow region into the following zones:

I) the peripheral flow, bounded by the conical surfaces of frame 1 and insert 2;
II) the central flow in the channel, with a threaded insert;
III) the zone in which the peripheral and central flows are mixed.

I. We will examine the motion of the fluid in a special orthogonal curvilinear coordi-
nate system 2,¢ , 8, with the £ axis coincident with the generatrix of the internal cone.
We will assume in the solution that 1) the influence of mass forces on the flow of the fluid
is negligibly small; 2) that the velocity in the direction of the § axis is considerably
smaller than the velocity in the direction of the ¢ axis. The system of differential equa-
tions of fluid motion with consideration of [1] will then assume the following form:

av, oVisina ap d ( v, ) KE®lcose oV
V e = —— K E” 1 i ,
. ol Scoso —Isina ol T a6 o0 dcose —Isinoe 08
. » (1)
v, pVVisina 0 _ 9V, 9KElcosa 0V,
Vi — =K E" - .
al dcosa —Isina a8 a6 Scosa —Isina 08
pVacose __0Op LK a9 (E”—‘ v, ) __KE*'sina aV,
Scoso —Ising a8 al ad Scosa—Isinag 38
Here
T aV; \2 avm)ﬁ
E = .
V (G) (5
The boundary conditions will be as follows:
V,=V,=0 for 8=0; 6=3,. (2)
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Fig. 1. Diagram of a centrifugal-jet nozzle, with the flow re-
gion divided into the following zones: I) peripheral flow zone;
II) central flow zone; III) mixing zone. 1) frame; 2) insert;
3) peripheral-flow guide channels; 4) central channel with
threaded insert.
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Fig. 2. Change in the velocities Vy' (1), Vo' (2), and in the
pressure P' (3) along the length of the peripheral channel
(Re = 35, Vo = 1 m/sec): a) & =0; b) £ = 0.5%43 ¢) & = &,.

We will specify the profiles of the velocity components in the inlet section of the channel
in the following form: Vg, = const;, Vg, = const,. Owing to the structural features of
the nozzle (the angle of inclination for channels 3, twisting the peripheral flow, relative
to the longitudinal axis, is no greater than 45°) with the twisting factor B in the case
under consideration no greater than unity. We will solve the problem on a computer by an
iteration method involving the utilization of a finite-difference scheme [2]. The grid
dimension 10 x 9 (10 along the & axis and 9 along the § axis) with a constant interval along
each of the axes. The channel walls in this case coincide with the boundary nodes of the
grid along the § axis, while the values of the velocities Vg and Ve at these nodes are set
in accordance with boundary conditions (2). The iterations are curtailed as soon as the
following conditions are satisfied, and namely:

max Vi —Vi7'| <1072, (3)
Ly !

where m is the iteration number; Vi j is the value of the velocities at the (i, j) node
of the grid.

The method that is usually used in such problems, i.e., the introduction of stream
functions to eliminate pressure from system of equations (1), in the given case leads to
significant mathematical difficulties due to the need to make provision for the variable
viscosity of the fluid, dependent on the velocity of fluid motion through the channel. We
will therefore determine the pressure directly from the third of the equations in system (1):

[} 2 el ol
Vecosea K o0 6V,) K En-lsing .avl]
=) YooO3& . A — (E1—)——— . ds 0, (&)
F j[ﬁama—%ﬁna P 61( 08 p Scosa —Isine 08 +i0
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Fig. 3. Profile of the velocity V,' at the outlet from the cen-
tral channel (Re = 13.5, V, = 1 m/sec): a) lateral cross sec-
tion of the central channel, separated by the threaded inserts;
b) profile of V,' for ¢ = n/4 (1), ¢ = /2 (2).

Fig. 4. Velocity profiles in the outlet section of the nozzle
(Re = 252, V, = 1 m/sec): a) profiles Vg' (1), Vg' (2); b) pro-
file Vo'.

which is solved by numerical integration.

Figure 2 shows the results from calculations with Re = 35 and B = 0.83. Comparison
of the derived profiles demonstrates that as motion proceeds through the channel the axial
component of the velocity V¢ assumes a parabolic profile, whereas the circumferential velo-
city component Ve forms a concave profile with its minimum at the central portion of the
channel. No reverse flow arises in this case. The drop in pressure along the § axis at
various cross sections of the channel is insignificant, and the pressure profile is nearly
rectangular, with some rise in pressure at the outside wall of the channel.

II. Let us introduce a system of helical coordinates z,®, I' [3], where the z axis
coincides with the longitudinal axis of the nozzle. In our solution of this problem we
will neglect the influence exerted by the mass forces and we will assume that 1) Ve ~ Vp <
Vy; 2) /& ~ 3/3®> 3/3z; 3) the pressure drop across the channel is equal to the pres-
sure drop across the peripheral channel. The system of equations of motion, in conjuaction
with the adopted assumptions, reduces to the following single equation:

8n2l 1 oV 4dn2l
) Sl B St a— — zZ . Vz —
K ( 4n2l2 |- 82 +I‘)( or 4n2lz 4 §2 )
- S op , K 0 (En—-l ov, )-l- (5)
Va2 +£ 82 0z rz o oy
d ov 4n2l’
——— | En—1 2 V,l|=0.
+K or [ ( or 4n2l2 4 S2 )}
Here
271/2
E— (__1__ av, )2+< v, 4n2l Vz) } .
I od¢ or 4q2[2 | S2

The boundary conditions have the form

Vy=0 vhen I'="T, ¢=0, ¢=m. (6)

We will solve (5) by the method which was used in the solution of system (1) in a 7 x 13
grid. The resulting profile of the velocity V, = V(T', @) at the outlet from the channel
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for the case in which Re = 13.5 is shown in Fig. 3. The profile of the axial velocity v,
increases smoothly from the center of the channel (divided by the plane of the helical insert)
to the periphery. The maximum is attained for the case in which T = (0.7-0.8)r,, dependent
on the change in the circumferential coordinate ¢.

III. The mixing zone is a converging conical channel. To describe the motion of the
fluid in this zone, we will make use of a spherical coordinate system R, ¢ , @, whose center
is situated on the longitudinal axis of the nozzle at the point at which it intersects with
the generatrix of the external cone (see Fig. 1). If we assume that all of the velocity
components and their derivatives in this zone are of the same order of magnitude and if
we neglect the mass forces, we derive the following system of equations:

Ve , Vo Ve  Vo+Vg )-_ op , 4KE™' Vg
"(VR R TR o0 R |~k TR kT
d (p., Vi), KElctg® [(dVy , 1 Ve V.
9K -2 (g ) ( o _—,__—_9-)
_ 2K 3R ( R )T R R TR Rr)T

V[ (s ]
A — (G +ca®Va+ Ve ),
B St M)
+ EEE (P v ) B o (o (S ) |+

2KE™—! Vg Ve I aVR> 0 - ( Ve
—_ —_ K__ Enl -—1
TR (aR R TR e ) "R [ oR
___I_fg_ __l__ OVR)]_ 2KE"1ctg®
R R 08 R?

(VR + Ctg QVG),

v, , Ve FoV VeV, VoVeclg®
v P [:) (1] R%o v'e )==
p (Ve Gr+ T S T e
3KE™! av, Vq,) 0 [ " (qu, Ve )]
= — K- (g1 (Zo_ Lo )iy
R ( OR R + dR OR R
9KE™! cig @ (GV.,, ot ) K o V.
— g@ﬂ/ —_—— —— | En—t ®
= % o) * = e [ (T@ ctg@V‘P)], .
Ve | Ve | oyp tclgdVe=0.
oR d0
Here
Ve \? 2 Ve )2 2
=19 1% < _w .
E [ (OR )+ o (a@ TVR | + 1 (VR + clg6Vep 4
Wo Vo | Wa)y(L Bo_E0yy +(Ze—Ly"
+(6R R+R 00 R 00 R ° . R R .
In this case, the velocity components at the channel walls are equal to zero, i.e.,
Vr=Vy=Ve=0then €=zta. (8)

As the initial conditions for the velocity values at the inlet to the zone, we will
use the calculation results obtained in the solutions for the previous zones, taking into
consideration the transition of these solutions to spherical coordinates. System of equa-
tions (7) is also solved by an iteration method involving the use of finite-difference
schemes, and we find the velocity Vg here from the fourth of the equations in system (7)
by integration:
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e
Vg = ! (—— R

sin © P

Vg
oR

— 2Vr ) sin B46. (9)

Integration of (9) is introduced numerically. In calculating the mixing zone we choose

a uniform grid with dimensions of 8 x 9 (8 along the R axis and 9 along the O axis). The
specifics of the problem relate to the exposure of the indeterminacies of the form 0/0 found
in the equations of system (7) and in Eq. (9) for the case in which @ = 0. Here we make

use of the 1'Hopital rule and the physical features of the flow V¢ = Vg = 0 for the case

in which @ = 0. Using the following dimensionless quantities, we will introduce the solu-
tion of system (1), (5), and (7):

’ p , V. Vn—2
o= ; V — l. 1 — 0
p V2 i ﬁo ;s KM=K —hpa{,‘ , (10)

here a, is the characteristic linear dimension for each of the zones being studied: [)
ag = 8g; II) ay = T3 III) a, = Tp. Figure 4 shows the velocity profiles VR, Ve, and Vg
in the outlet section of the nozzle for Re = 252.

Analysis of these graphs shows that the profile of the axial velocity Vg is nearly
parabolic, and that this is accompanied by a significant velocity gradient at the channel
walls, where it increases from zero to its maximum value. The profile of the circumfeorential
velocity Vg attains its maximum near the walls, and then diminishes linearly to zero at
the channel axis. The magnitude of the velocity Ve changes according to the laws of a para-
bola assuming zero values at the walls and in the center of the channel. The change :in
Vo in this case occurs more smoothly than for VR and Vy. We should take note of the :Iact
that as a consequence of axial symmetry in the case of 0 situated in the interval [—a: 0],
the velocities Ve and Vg change sign. The geometric channel dimensions and the initial
values for the velocities Vy,, Vi4, and Vy, used in the calculations for the nozzle shown
in Fig. 1 are presented below:

i
Smn loomm Floomm o.rad Re—Rymm Tomm  Viem/sec Voor m/secVzor m/sec

1,6 9,0 1,2 0,693 3,5 1,5 0,71 0,59 1,53

Utilization of this calculation method is limited by the conditions under which laminar
flow is achieved within the mixing zone. Stable convergence of iterations is observed in
the solution of system (7), when Re < 360. With a larger value for Re in the mixing zone
we have the onset of flow agitation. It should be noted that for the first two zones the
stable solution is obtained for Re < 7800 and Re < 6200, respectively. The laminar nature
of the flow is retained in such channels for a considerably longer period of time thar in
cylindrical tubes, a fact which was pointed out in [4].

The derived fields for the velocities and pressures in the motion of an anomalous vis-
cous fluid in a centrifugal-jet nozzle can be used to calculate the spray flare angle and
the drop dispersion [5, 6] in the design of mass-exchange apparatus. Moreover, the method
for the solution can be used in calculating the flows of anomalous viscous fluids in conical
and helical channels such as those most frequently used in the mass-exchange equipment of
chemical technology.

NOTATION

E, second invariant of the strain rate tenmsor, sec™!; p, fluid density, kg/m3®; p, hydro-
static pressure, Pa; K, rheologic constant, Pa-<c?; n, flow index; Voos Viogs Vyo, initial
values of the axial and circumferential velocities in the peripheral channel and the axial
velocity in the helical channel, m/sec; B = Vio/Vg,, twisting factor; Vg, Ve, V,, axial
and circumferential velocity in peripheral channel and axial velocity in helical channel,
m/sec; 8,, width of gap between cones forming the peripheral channel, m; o, slope of cone
generatrix to the longitudinal nozzle axis, rad; S, pitch of the helical line, m; Ty, radius
of helical channel, m; %,;, length of peripheral channel, m; R,—R,, length of mixing zone,

m; Ty, radius of nozzle, m; Vg, V¢, Vg, axial, circumferential, and radial components of
the fluid velocity in the mixing zone, m/sec; Re = V2 Na Np/K, modified Reynolds number for
a non-Newtonian fluid; V,, unit velocity, m/sec; f(%), arbitrary integration function deter-
mined by the pressure difference across the channel.
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MOTION OF A RAREFIED GAS IN A PLANE CHANNEL IN THE PRESENCE
OF CONDENSATION ON THE CHANNEL WALLS

F. M. Sharipov and T. V. Shchepetkina UDC 533.6.011.8

We examine the flow of a rarefied gas through a broad range of Knudsen numbers
under the action of small pressure and temperature differences in a plane short
channel, with provision made for the processes of evaporation and condensation
at the channel walls.

The processing of mass transfer, in which provision is made for evaporation and conden-
sation on the walls, have been studied in numerous papers, such as, for example [1-5]. The
transport of gas between plane infinite plates is the subject of [1], while [2, 3] deal
with the motion of a gas in an infinite pore and a number of simplifying assumptions have
been made here; in [4] we find a study of the flow in a finite channel, but the gas flow
rate and its dependence on the length of the channel and the flow regime have not been dealt
with, and in this particular case the boundary conditions are specified for the ends of
the channel. 1In [5] we find a study of the kinetics involved in the mass transfer that
occurs under the action of a small pressure difference in a plane finite pore, with considera-
tion given to vaporization and condensation at the walls and at the bottom of the pore.

The boundary conditions are specified directly at the inlet to the pore. In the present
paper we investigate the heat and mass transfer that arises under the action of small pres-
sure and temperature drops across a finite channel, with consideration given to the evapora-
tion and condensation that occurs on the channel walls over a broad range of Knudsen numbers.
.Unlike the earlier-cited studies, the flow of gas is treated here not only within the chan-
nel, but also in the regions externally adjacent to the channel.

Let us take a look at a plane channel of length %, of height @, and infinite in width,
as shown in Fig. 1, connecting two vessels containing the identical gas. At a rather large
distance from the channel, the gas within the vessels is maintained under equilibrium condi-
tions at pressures P, and P, and temperatures T, and T,, respectively. Here the distribution
functions are in the form of absolute Maxwellians:

. 3/2
f1=L(L) exp(_ﬂvi\, l=l, 9.
kTi \ QRkT,' Qle 7

The walls of each of the vessels exhibit temperatures of T, and T,, respectively. It is
assumed that all of the molecules reaching the walls of the vessels are diffusely reflected,
and absorbed as they impinge on the channel walls. The walls, in this case, radiate the
molecules with the following distribution function:
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